Several research groups have made efforts to accumulate reliable data on various geochemical and hydrological parameters for periods longer than 10 years. The data accumulation has enabled them to characterize background fluctuations in the data and consequently to examine their relation to earthquake occurrences without prejudice. As a result, a number of earthquake-related anomalies have consistently been identified in various geochemical and hydrological observations, suggesting that they are sensitive indicators of earthquake occurrence. Comprehensive monitoring based on multicomponent and multi-station observations has begun to result in the detection of more reliable precursory phenomena which appeared simultaneously in two or different kinds of observations at several stations.
Introduction
There have been many reports that surface and subsurface water and gas showed anomalous behavior before and at the time of earthquakes. Recent progress in the application to earthquake prediction of geochemical observations throughout the world have been reviewed by King (1986) and Thomas (1988) . Roeloffs (1988) reviewed those involving hydrological observations extensively.
In Japan, geochemical and hydrological observations have intensively been carried out by several universities and government agencies as parts of national programs for earthquake prediction in the last two decades (Wakita, 1984; Kawabe, 1991) . Accumulation of reliable data on various kinds of observations over the past 10 years has provided firm evidence that surface and subsurface water and gas can be utilized as sensitive indicators of earthquakes and their generation processes. Here we review briefly recent progresses in geochemical and hydrological observations in Japan.
Geochemical Observations
It has widely been accepted that the terrestrial atmosphere was formed by degassing from the solid earth. The degassing processes have been continuing until now. Although volcanic activity is of course responsible for a major part of the degassing, non-volcanic Received May 7, 1992; Accepted October 10, 1992 degassing has still played an important part in the atmospheric budget (e.g., Torgersen, 1989 (Igarashi, 1991; Koizumi et al., 1991; Yamauchi et al., 1988 Yamauchi et al., , 1991 (Tamura et al., 1991) , (c) in situ temperature variations in groundwater at a depth of 126m below the ground surface, and (d) atmospheric pressure data (after Wakita et al., 1991) .
the site and resulted in temporary mixing of cooler, radon-poor, groundwater into normal artesian flow. Besides the groundwater radon networks, continuous radon observations have been carried out at various places, using various methods, for the purpose of investigating the relationship between radon emanation and earthquake occurrence (cf., Yamauchi, 1992) . Yamauchi and Shimo (1982) examined the temporal variations of radon concentration in air in galleries at crustal movement observatories, and found that most of the variations were caused by precipitation, which can reasonably be simulated with a tank model. They further discussed the mechanism of radon supply to the air in the galleries, in comparison with strain changes observed by using an extensometer. These careful examinations of radon variations enabled them to detect some anomalous changes which were probably related to nearby earthquakes, including a spike-like increase of radon concentration several days before an M4.7 earthquake at an epicentral distance of 40km. Nishimura (1985) associated with magma intrusion beneath the earthquake source region. Significantly high 3He/4He ratios were observed in the Kinki district, non-volcanic, forearc region where microseismic swarm activities at shallow depths have continued over a long period of time. The high 3He/4He ratios strongly suggest diapiric rise of magma, which resulted in seismic swarms (Wakita et al., 1987) .
Hydrogen
Among gases emanating from the solid earth, hydrogen has the special character that a large amount of hydrogen can be generated by chemical reaction of water with rocks (Kita et al., 1982; Sugisaki et al., 1983) . Although processes generating hydrogen in the crust are very complicated, including some of biological origin, hydrogen may serve as a sensitive indicator of faulting activities. In fact, Kato et al. (1989) demonstrated, by an experiment on gas emanation from Westerly granite under uniaxial compression, that H, emanation from a compressed rock sample is closely corrected with microfracturing. Also in field observations, anomalously high amounts of hydrogen in soil gas have been detected along several active faults in Japan (e.g., Wakita et al., 1980; Kita et al., 1980; Sugisaki et al., 1983; Satake et al., 1985) . Satake et al. (1985) measured H2 concentration in soil gases weekly at five stations on the Atotsugawa and Ushikubi faults, northern central Honshu, Japan, and detected anomalous H, emissions associated with an M7.7 earthquake at an epicentral distance of 486km that occurred on May 26, 1983: preseismic anomalies at three stations and coseismic anomalies at the other two. Precursory emission of H2 was also observed in bubbles from the Byakko mineral spring, central Japan, beginning about 1 month before the M6.8 Western Nagano earthquake on September 14, 1984, at an epicentral distance of 50km (Sugisaki and Sugimura, 1985, 1986 ).
Other gases and ions
The gas components we can observe in subsurface waters are generally complicated mixtures of gases of different origins and different geochemical cycles. Thus, their concentrations and variation patterns can differ significantly from site to site. It therefore is desirable to monitor several gas components simultaneously. Methods for simultaneous analyses of gases such as He, Ne, Ar, H2, and CH4 in subsurface gas and water have been developed, based on gas chromatographic techniques (e.g., Sugisaki and Taki, 1987; Kawabe, 1985; Sakakibara and Sugisaki, 1989; Nagamine, 1990) . Kawabe (1985 Kawabe ( , 1987 found that CH4/Ar ratios in bubble gases from two artesian wells in Matsuyama, southwest Japan, showed some anomalous changes associated with earthquakes, whereas their He/Ar, N2/Ar, and H2/Ar ratios are less sensitive to earthquakes. On the other hand, Sugisaki and Sugiura (1986) reported precursory anomalies in all of He/Ar, N2/Ar, and CH4/Ar ratios whose variation patterns resemble one another.
Yosioka (1980) and Koizumi et al. (1985) have chosen C-concentration in mineral springs along an active fault as a sensitive tracer for seismic events, since they detected Cl-anomalies associated with several earthquakes. Koizumi et al. (1991) have measured chemical composition (mainly Cr) or electrical conductivity and temperature of 7 hot or mineral springs along Yamasaki, Shikano, and Yoshioka faults, southwest Japan. Sato et al. (1992) started the measurement of chemical composition at a hot spring in Ito city (the HRN well), the Izu Peninsula, in July 1989. They found an anomalous increase in SO42 -/Cl-ratio during the 1989 seismic and volcanic activities off the eastern coast of the Izu Peninsula, as well as two coseismic increases in 1990 (Fig. 3) . It should be noted that concurrent increases in water temperature were observed for these SO42-/Cl-increases (Fig. 3) . Sato et al. (1992) further examined the spatial distribution of the SO42-/C1-ratio and the temperature of hot spring waters in Ito city and concluded that these earthquake-related changes may be attributed to changes in the mixing ratio between Cl--poor, high-temperature water and Cl--rich, low-temperature water. In addition, the anomalous increases in SO42-/Cl-and water temperature observed at the HRN well showed a very similar pattern to the water level changes observed at another well about 1km away (the EDY well).
Geophysical Observations of Ground Water
Fluctuations responding to earth tides are often observed in water level, flow rate, or temperature of deep artesian wells. Strain changes due to earth tides are of the order of 10-8 or less, which may be comparable with strain changes caused by moderate earthquakes at distances of 100km or longer. Thus, water wells in which earth tidal fluctuations occur can be used as sensitive strainmeters. In fact, numerous precursory and coseismic anomalies in water level, flow rate and water temperature have been observed in various parts of the world (cf., Roeloffs, 1988; Shimamura et al., 1985) .
In Japan, the Catfish Club, a group of about 100 ordinary people, has constructed a network for monitoring groundwater level and temperature of thermal water at about 100 stations distributed mostly in the southern Kanto and Tokai districts (Oki and Hiraga, 1988) . The University of Tokyo and Geological Survey of Japan have developed telemetered networks for well water level and water temperature, as well as for groundwater radon, distributed mainly in the areas facing the Pacific Ocean (cf., Wakita, 1984).
Water level and flow rate
Igarashi and Wakita (1991) analyzed tidal and barometric responses of 100-m-deep and 500-m-deep wells at Kamakura city, southern Kanto district, central Japan, by using time-series analysis based on a Bayesian approach (Ishiguro et al., 1983; Tamura et al., 1991) . They further estimated loading effects of ocean tide on aquifer dilatation (Sato and Hanada, 1984) to determine the strain sensitivities of well water levels. Then, they evaluated coseismic water level changes observed in these two wells and concluded that the coseismic changes observed in the deeper well can be explained reasonably by earthquake fault models in an elastic half space (Sato and Matsu'ura, 1974) , whereas those observed in the shallower well were too large and opposite in direction to be explained by the earthquake fault models. Kumpel (1992) demonstrated, with a model calculation using the finite element method, that local inhomogeneities in the vicinity of an observation well may strongly influence the well's response to remote pressure changes and that in some cases sign reversal of the anomaly may be encountered. Koizumi (1991a) examined tidal fluctuations observed in groundwater discharge at an artesian well in Okayama Prefecture, Southwest Japan, and argued that frequency dependence in the response sensitivity and phase shift can be explained by a partially confined aquifer model (Rojstaczer, 1988) . Sato et al. (1992) reported a water level change of more than 2m at an 85-m-deep well in Ito city, the Izu Peninsula, during and after the 1989 seismic and volcanic activity off the eastern coast of the Izu Peninsula. They subsequently observed coseismic water level rises at the well of about 50cm for two earthquakes that occurred in 1990 (M6.5 and M5.1). These observations strongly suggest that the well water level is particularly sensitive to strain changes caused by seismic and volcanic events. Furthermore, possible precursory water level changes of a moderate earthquake were observed at the above mentioned three wells: the 100-m-deep and 500-m-deep well in Kamakura city, and the 85-m-deep well in Ito city (Igarashi et al., 1992) . Rise and fall in water levels of 3-10cm began simultaneously 1-1.5 days before the February 2, 1992 Tokyo Bay earthquake (M5.9), which was followed by coseismic water level changes of 1-20cm. Matsumoto et al. (1989) developed a linear multivariate regression model for eliminating fluctuations due to barometric pressure and earth tides from continuous data on groundwater level. The optimum model was chosen on the basis of the minimum AIC procedure (Akaike, 1973) . Matsumoto (1992) Izu Peninsula, about 40km NE of the Izu-Oshima volcano, in July 1989. The temperature changes may indicate that the Izu-Oshima volcano and submarine volcanic cone, Teishi knoll, are linked and that the upward movement of the Teishi magma resulted in a gas pressure decrease of the Izu-Oshima magma.
Comprehensive Observations
As reviewed briefly , above, several research groups have made efforts to accumulate reliable data on various geochemical and hydrological parameters for periods longer than 10 years. They are establishing their own comprehensive networks of multicomponent, multi-station observations (e.g., Asada et al., 1988 Asada et al., , 1991 Koizumi et al., 1991; Ogasawara et al., 1991; Igarashi et al., 1990; Notsu et al., 1991b) . Some of them have already begun to result in the detection of more reliable precursory phenomena which were observed in two or more different parameters at several stations (Wakita et at., 1991; Notsu et al., 1991 b) . These comprehensive observations will provide valuable information for understanding the mechanisms leading to precursory anomalies, as well as enhance the statistical significance of the anomalies (Nakatani et al., 1991) . Furthermore, it is desirable, as the next step, to unify the individual networks and to standardize various kinds of data.
We acknowledge the reviews and helpful comments by I. Kawabe and N. Koizumi, and editorial handling by R. Geller. 
